ABSTRACT: The development of a general glycosylation method that allows for the stereoselective construction of glycosidic linkages is a tremendous challenge. Because of the differences in steric and electronic properties of the building blocks used, the outcome of a glycosylation reaction can vary greatly when switching form one glycosyl donor−acceptor pair to another. We here report a strategy to install cis-glucosidic linkages in a fully stereoselective fashion that is under direct control of the reagents used to activate a single type of donor building block. The activating reagents are tuned to the intrinsic reactivity of the acceptor alcohol to match the reactivity of the glycosylating agent with the reactivity of the incoming nucleophile. A protecting group strategy is introduced that is based on the sole use of benzyl-ether type protecting groups to circumvent changes in reactivity as a result of the protecting groups. For the stereoselective construction of the α-glucosyl linkages to a secondary alcohol, a per-benzylated glusosyl imidate donor is activated with a combination of trimethylsilyltriflate and DMF, while activation of the same imidate donor with trimethylsilyl iodide in the presence of triphenylphosphine oxide allows for the stereoselective cis-glucosylation of primary alcohols. The effectiveness of the strategy is illustrated in the modular synthesis of a Mycobacterium tuberculosis nonasaccharide, composed of an α-(1−4)-oligoglucose backbone bearing different α-glucosyl branches.
■ INTRODUCTION
Despite the tremendous progress that has been made in the synthesis of (complex) oligosaccharides, no general solution exists for the stereoselective construction of challenging glycosidic bonds, such as 1,2-cis and 2-deoxy linkages.
1 At the root of this persisting problem is the enormous variation in carbohydrate building blocks and the different mechanistic pathways that can be followed in the union of these.
1 Most glycosylation reactions rely on the activation of a glycosyl donor using a (Lewis) acid catalyst to generate a strong electrophile that can either be a covalent species, a close ion pair or a solvent separated ion pair, in which the glycosyl oxocarbenium ion and the counterion are fully dissociated (see Figure 1) . 2, 3 Most often triflate-based activators are used and a multitude of covalently linked anomeric triflates has been described over the last two decades.
3 These triflates may engage in a S N 2 type substitution reaction, but more often they act as a reservoir for the more reactive glycosyl cation-triflate ion pair, providing reactions with S N 1-character. The equilibrium between the covalent species and ion pairs in combination with the reactivity of the incoming nucleophilethe acceptordetermines which pathway(s) will be followed. The reactivity of the donor building block depends on the nature and position of the functional groups on the carbohydrate ring and the different reactivity of donor glycosides has been called upon in reactivity based one-pot chemoselective glycosylation sequences. 4 It is also well appreciatedbut less well studied that the reactivity of the acceptor alcohol can differ as a result of the protecting/functional group pattern on the ring and the intrinsic reactivity difference between primary and secondary alcohols often leads to a different stereochemical outcome when glycosylating these acceptors. 5 It is a tremendous challenge to design a general glycosylation strategy that accommodates the varying reactivity of different donor− acceptor glycoside combinations and ensures a fully stereoselective glycosylation process.
An attractive way to modulate the reactivity of a glycosyl donor is through the use of an exogenous nucleophile that can be added to the coupling reaction. These nucleophilic additives or reactivity modulators react with the activated donor to form a new covalent species (see Figure 1) . 6 Various additives have been probed over the years, including sulfides, 7 sulfoxides/ sulfinamides, 8 phosphine oxides, 9 amides and formamides 10 and iodide based reagents 11 and stereoselective 1,2-cisglycosylation procedures have been reported based on their use. The most often invoked mechanistic rationale to account for the observed stereoselectivity involves the generation of a stable α-covalent species (often identified and characterized by NMR spectroscopy), that is in equilibrium with its less stable and more reactive β-counterpart (often not detected by NMR), following an in situ anomerisation kinetic scenario as first introduced by Lemieux and co-workers. 12 We reasoned that modulation of donor reactivity through external nucleophiles would be very attractive to match the reactivity of acceptor alcohols of different nucleophilicity in order to achieve fully stereoselective glycosylation reactions with both partners. We here report how a single type of donor glycoside can be used for the fully stereoselective glycosylation of both primary and secondary alcohol acceptors. Different additives have been used to accommodate the intrinsic reactivity difference between these two types of alcohols. Key to the success of the strategy is a protecting group strategy that ensures identical reactivity of the parent donor building blocks used, so that the reactivity of the system is under direct control of the activator/additive used. We show the applicability of this approach in the assembly of Mycobacterium tuberculosis (Mtb) derived branched α-glucans. Mtb α-Glucans play an important role in allowing the bacterium to evade the human immune system, but the molecular details behind this process remain obscure. 13 To unravel how α-glucans interact with our immune system, welldefined α-glucans fragments will be valuable tools. These structures represent excellent target molecules to test the proposed synthetic strategy, as they only contain 1,2-cis linkages and carry different branches, necessitating flexible building blocks and stereoselective glycosylation methodology for the construction of glycosidic linkages to both primary and secondary alcohol functions.
■ RESULTS AND DISCUSSION
We set out to develop a glycosylation strategy that is under full control of the used reagents and aimed to employ a single donor type, devoid of any stereodirecting protecting groups for the glycosylations of both the primary and secondary alcohol acceptors. We therefore equipped the used donor glycosides and acceptor glycans solely with benzyl type protecting groups. This serves two purposes. First, since all protecting groups on the building blocks are benzyl ethers, the reactivity of the building blocks is as similar as possible. The only factors influencing the relative reactivity of the acceptors are the intrinsic difference between the primary and secondary alcohols and the effect of the growing chain length on the reactivity of the acceptor. Second, global protection of the donor glycoside with benzyl ethers leads to a donor that is as reactive as possible. Previous reports employing nucleophilic additives in glycosylations have shown that this type of glycosylation is generally very slow. 6 The reactive intermediates that are generated are relatively stable necessitating long reaction times. The use of acyl type protecting groups would make the system less reactive leading to even longer reaction times. The target α-glucans of this study and the employed building blocks are depicted in Scheme 1. The most complex target, nonasaccharide 1, features a hexa-α-glucan backbone with two different branches. We have selected this target saccharide because its synthesis requires the introduction of all possible structural elements present in naturally occurring α-glucans. To be able to assemble this structure we designed four different building blocks: per-benzylated donor 2, a chain-terminating synthon; donor 3 to build the growing α-1,4-chains; donor 4, to build the branches; and finally, donor 5 to introduce the branches. The triad of benzyl ethers that we aimed to use include benzyl (Bn) ethers for permanent protection, only to removed at the end of the assembly; 2-methylnaphthyl (NAP) ethers that can be selectively removed with respect to the other benzyl ethers under acidic or oxidative conditions and finally the para-methoxybenzyl (PMB) ether that are the most labile of the three benzyl ethers and that can be selectively removed in the presence of the other two using mild acidic conditions, as we recently described. 14 We first directed our attention to the stereoselective construction of the α-1,4-glucosyl linkages. To this end we investigated the condensation of tetra-O-benzyl thioglucoside 2a and tri-O-benzyl-α-O-methyl glucose acceptor 6 using Niodosuccinimide (NIS) and trimethylsilyl triflate (TMSOTf) activation. 15 Following the seminal work of Mong and coworkers 10 we explored several amides and formamide additives, including N,N-dimethylformamide (DMF), N-formylpiperidine (NFP), N-formylmorpholine (NFM), N,N-dimethylacetamide (DMA) and tetramethylurea (TMU) as reactivity modulators. We also probed phosphine oxides (triphenylhosphine oxide, Ph 3 PO) and sulfoxides (benzene sufinyl piperidine, BSP). Table 1 (entries 2− 14) , the stereoselectivity of the reactions with additives are better than the condensation reaction without nucleophilic additive (entry 1), barred one: the reaction using Ph 3 PO. In line with the findings of the Mong laboratory, 10 the formamide additives performed best and the use of a larger excess of these additives generally gave better results in terms of stereoselectivity. We observed that the reactions with TMU and the phosphine oxide proceeded slower than the formamide and amide mediated condensations, resulting in diminished yields. This likely reflects the greater stability of the formed covalent intermediates generated with these additives. As shown in Table 1 , DMF performed best as additive and this reagent was further studied and we explored the use of imidate donors as these represent a very powerful class of glycosylating agents. 16 Where the in situ transformation of thioglycosides into reactive covalent species is commonly applied in glycosylation chemistry, the use of imidate donors for this purpose has not been widely explored. Gratifyingly, the additive controlled condensation of imidate donor 2b and acceptor 6 proceeded in excellent yield and stereoselectivity to provide the desired disaccharide 9 (Table 1, entry 15) . To test whether the acid labile naphthyl ether in donor 3b is compatible with the developed reaction conditions, which employ a stoichiometric amount of TfOH, donor 3b was next coupled with acceptor 6. This glycosylation delivered the protected maltoside 10 in similar yield and with comparable stereoselectivity as the condensation of per-benzyl donor 2b and acceptor 6 (Table 1, entry 16), showing that the Nap ether well tolerates the glycosylation conditions.
We also briefly explored the scope of the established conditions with two other secondary carbohydrate alcohols. Acceptors 7 and 8, could be glucosylated at the C-3 and C-2 OH, respectively, in good yield and with excellent stereoselectivity (Table 1, entries 17 and 18) .
To probe the robustness of the established methodology, we next set out to generate a longer α-glucan, as depicted in Scheme 2. To this end, the Nap-protecting group was removed from maltoside 10 using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to furnish acceptor 13. Compound 13 was glycosylated with donor 3b using the DMF-conditions to give the desired trisaccharide 14 in 81% yield. Repetition of the deprotection and glycosylation reactions then provided the tetrasaccharide 16, pentasaccharide 18 and hexasaccharide 20. All through this reaction sequence the yields and stereoselectivity of the condensations did not erode showcasing the reliability of the methodology.
We then turned our attention to the condensations of the primary acceptor. For this we used model acceptor 22 in combination with thioglycoside 2a and the panel of additives described above. The higher reactivity of the primary alcohol 22 with respect to its secondary alcohol counterpart 6 leads to significant erosion of the stereoselectivity, when identical condensation conditions are used (Table 2, entries 1−5). We were surprised to see that the condensation using the phosphine oxide actually led to the formation of more β- 
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Article than α-linked product. Cognizant of the work of Mukaiyama and co-workers on the use of phosphine oxides in highly stereoselective condensation reactions of perbenzylated glucosyl pyranosyl iodides, 9 we switched to the use of imidate donor 2b and transformed it in situ into the anomeric iodide using trimethylsilyl iodide (TMSI). 17 Under these conditions, the disaccharide 23 was formed with moderate α-selectivity and in rather poor yield (Table 2, entry 6). The addition of 1.2 equiv of diphenylmethyl phosphine oxide, as advocated by Mukaiyama and co-workers, led to a significant improvement of the stereoselectivity (α/β = 6:1, Table 2, entry 7). As we planned to use this activation system in combination with a donor glucoside bearing a relative acid labile PMB group we explored these conditions for the coupling of donor 4b and acceptor 22. We increased the amount of phosphine oxide to ensure that sufficient Lewis-basic reagent was present to protect the labile PMB. As displayed in Table 2 , entry 8, the desired disaccharide 24 was obtained in good yield with improved stereoselectivity and the PMB group proved to be completely stable to the conditions used. Increasing the amount of the phosphine oxide additive to 6 equiv led to a further increase in stereoselectivity (Table 2, entry 9). More phosphine oxide did not further improve the stereoselectivity (Table 2 , entries 10 and 11). Triphenyl phosphine oxide performed equally well as an additive and the use of 6 equiv of this reagent proved optimal for the condensation of donor 4b and acceptor 22 (Table 2 , entry 12).
To explore the necessity of the intermediate iodide, we explored the activation of imidate donor 2b with TMSOTf instead of TMSI, in the presence of 6 equiv phosphineoxide (Table 2, entry 13). This led to formation of the diglucoside 23 in good yield, but very poor selectivity, indicating that the anomeric iodide plays an important role in the coupling mechanism. To shed further light on the reactive intermediates formed with the TMSI-phosphine oxide reagent combination we studied the activation of donor 2b by NMR spectroscopy. When donor 2b was activated with TMSI in CDCl 3 in the absence of a phosphine oxide additive, a mixture of two products was formed. The products were tentatively assigned as α-iodide 26 (Scheme 3, H-1: δ = 6.82 ppm; C-1: δ = 81.04 ppm; see SI for NMR spectra) and its β-counterpart 25 (H-1: δ = 5.68 ppm; C-1: δ = 61.42 ppm). 18 In time (±45 min), the β-iodide 25 isomerized into its more stable α-congener 26. Alternatively, treatment of a mixture of donor 2b and 
Article Ph 2 (Me)PO in CDCl 3 with TMSI, showed a clean conversion of the imidate into the anomeric α-iodide 26. The β-iodide 25 was not observed, nor could we detect the presence of any anomeric phosphonium species. Given the importance of the phosphine oxide for the stereoselectivity of the reaction (compare Table 2 , entries 6 and 9) we suggest that the anomeric α-iodide serves a reservoir for the more reactive β-phosphonium iodide, which is the actual glycosylating species (see Scheme 3). The phosphine oxide also catalyzes the transformation of the β-iodide 25 into α-iodide 26.
Having identified the required reagents and conditions to stereoselectively construct cis-glucosidic linkages with both primary and secondary acceptor glucosyl alcohols we turned our attention to assemble nonaglucoside 1 as outlined in Scheme 4.
19 First 3-azidopropanol was condensed with donor 4b using the Ph 3 PO mediated glycosylation conditions to deliver monosaccharide 27 in 91% yield and 11:1 α/β selectivity (Scheme 4). The spacer-equipped 27 was then treated with a catalytic amount of HCl in a mixture of hexafluoro-isopropanol (HFIP) and dichloromethane (DCM) to remove the PMB protecting group and liberate the C-4-alcohol. At this stage pure α-linked 28 was obtained after silica gel chromatography. Acceptor 28 was then reacted with "branching" donor 5b using the DMF-mediated glycosylation conditions to provide disaccharide 30 in 81% yield and excellent α-selectivity. 20, 21 The PMB ether in disaccharide 30, was chemoselectively removed using the aforementioned HCl/ HFIP conditions. Of note, the Nap-ether at the C-4′ position was completely stable under these acidic conditions. Disaccharide 31 was then elongated at its C-6′-OH with C-4-PMBdonor 4b using the TMSI-Ph 3 PO reagent combination to stereoselectively provide the trisaccharide 32. Liberation of the C-4″-OH, again using HCl/HFIP, then set the stage for the elongation of the branching arm with perbenzyl donor 2b under the aegis of TfOH and DMF. Having completed the first arm, we continued to grow the α-(1,4)-backbone. To this end the Nap ether was oxidatively removed and the resulting secondary alcohol coupled to C-4-Nap donor 3b with TfOH-DMF to give pentasaccharide 36. Reiteration of this deprotection-coupling cycle let to hexasaccharide 38 and heptasaccharide 40 in a completely stereoselective fashion. To introduce the second α-(1,6)-arm the C-4-OH was unmasked and the heptasaccharide acceptor 41 was coupled 
Article to branching glucoside 5b to deliver octamer 42. Liberation of the primary alcohol was then followed by the final TMSIPh 3 PO-condensation leading to the fully protected nonasaccharide 44. Global deprotection of the nonasaccharide was accomplished in a single hydrogenation event to complete the total synthesis of branched α-glucan 1.
■ CONCLUSION
In conclusion, we have described a strategy to assemble α-glucans in a fully stereoselective manner, using a single type of donor, relying solely on the activating agents and additives to control the stereoselectivity of the glycosylation reactions. The reactivity of the donor building blocks was matched to the intrinsically different reactivity of primary and secondary alcohols through the use of different activator/additive combinations (TfOH or TMSOTf/DMF and TMSI/Ph 3 PO).
To keep the reactivity of all donor synthons on par, we introduced the triad of benzyl, 2-methylnaphthyl and paramethoxybenzyl ethers, as a set of semiorthogonal protecting groups that can be used to differentiate the hydroxyl groups on the building blocks that need permanent protection, that have to be extended to form the glycan backbone or removed to introduce branching. 22 The applicability of the strategy has been illustrated by the fully stereoselective assembly of an Mtb nonasaccharide α-glycan, bearing two different branches. Matching the reactivity of both donor and acceptor through the use of external nucleophiles as reactivity moderators presents an important step toward the generation of a general glycosylation reaction. Increasing our insight into the reactivity of donor and acceptor building blocks in combination with the development of tailor-made additives, covering a broad range of reactivity, will likely allow the fine-tuning of many glycosylation systems in the future. Besides the stereoselective construction of cis-glycosidic linkages in a reagent controlled manner, it should be feasible to conceive nucleophilic additives that allow for the stereoselective formation of trans-glycosidic bonds using the same donor/acceptor pair, further broadening the scope of the methodology.
■ EXPERIMENTAL SECTION
Standard Procedure for Glycosylation of Secondary Alcohols with Thiodonors (2a−5a) (Procedure A). The donor (1.0 equiv, coevaporated with toluene) was dissolved in dry DCM under nitrogen and stirred over fresh flame-dried molecular sieves 3Å, after which DMF (16 equiv) was added to the solution. The solution was cooled to 0°C, after which NIS (1.0 equiv) and TMSOTf (1.0 equiv) were added. After 1 h, the preactivation was complete as indicated by TLC analysis. Then acceptor (0.7 equiv) was added to the solution. The reaction was stirred at 0°C until TLC analysis showed complete conversion of the acceptor. The reaction mixture was diluted and the reaction was quenched with saturated Na 2 S 2 O 3 . The organic phase was washed with water and brine, dried with anhydrous MgSO 4 , filtered and concentrated in vacuo. The products were purified by size exclusion and silica gel column chromatography.
Standard Procedure for Glycosylation of Secondary Alcohols with Imidate Donors (2b−5b) (Procedure B). The donor (1.0 equiv, coevaporated with toluene) was dissolved in dry DCM under nitrogen and stirred over fresh flame-dried molecular sieves 3Å, after which DMF (16 equiv) was added to the solution. The solution was cooled to −78°C, after which TfOH (1.0 equiv) was added. After 30 min, the preactivation was complete as indicated by TLC analysis. Acceptor (0.7 equiv) was added to the solution and the mixture was placed in an ice bath. The reaction was stirred at 0°C until TLC analysis showed complete conversion of the acceptor. The reaction was quenched with Et 3 N, filtered and concentrated in vacuo. The products were purified by size exclusion and silica gel column chromatography.
Standard Procedure for the Glycosylation of Primary Alcohols (Procedure C). A mixture of donor (1.0 equiv), acceptor (0.7 equiv) (donors and acceptors coevaporated with toluene three times), Ph 3 PO (6 equiv) in dry DCM were stirred over fresh flamedried molecular sieves 3Å under nitrogen. Then TMSI (1.0 equiv) was added slowly in the mixture. The reaction was stirred at room temperature until TLC analysis indicated the reaction to be complete. The solution was diluted and the reaction quenched with saturated Na 2 S 2 O 3 . The organic phase was washed with water and brine, dried with anhydrous MgSO 4 , filtered and concentrated in vacuo. The products were purified by size exclusion and silica gel column chromatography.
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